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Highlights: 
 Myelin water fraction (MWF) maps could be used to further characterize febrile 
seizures 
 All subjects in this study with simple febrile seizures had increased MWF 
 All subjects in this study with complex febrile seizures had decreased MWF 
 
Abstract 
*Objective. The objective of this feasibility study was to investigate whether myelin water 
fraction (MWF) patterns can differentiate children presenting with febrile seizures who will go 
on to develop nonfebrile epilepsy from those who will not. 
Patients and Methods. As part of a prospective study of myelination patterns in pediatric 
epilepsy, seven subjects with febrile seizures underwent magnetic resonance imaging (MRI) 
including the following standard sequences—T1-weighted, T2-weighted, fluid-attenuated 
inversion recovery (FLAIR)—and an additional experimental sequence, multicomponent-derived 
equilibrium single-pulse observation of T1 and T2 (mcDESPOT) to quantify MWF. For each of 
these subjects, MWF maps were derived and compared with an age-matched population-
averaged MWF atlas. 
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Results. All seven subjects (<5 years old) initially presented with febrile seizures. Of the seven, 
four had complex seizures and three had simple seizures. All of the children with simple febrile 
seizures had higher MWF compared with model-derived controls and did not develop epilepsy. 
All of the children with complex febrile seizures had lower MWF than their model-derived 
control, and two of these subjects later developed epilepsy.  
Conclusion. This is the first study in which MWF maps were used to study children with febrile 
*seizures. This data suggests that relatively higher or stable MWF compared with normative data 
indicates a lower risk of nonfebrile epilepsy while relatively lower MWF may indicate a 
pathological condition that could lead to nonfebrile epilepsy. 
 
Keywords: myelin; epilepsy; febrile; pediatrics 
 
Abbreviations 
bSSFP, balanced SSFP  
DTI, diffusion tensor imaging 
EEG, electroencephalography  
FA, fractional anisotropy 
FS, febrile seizures  
GA, glatiramer acetate 
IR-SPGR, inversion recovery SPGR 
mcDESPOT, multicomponent-derived equilibrium single-pulse observation of T1 and T2 
MRI, magnetic resonance imaging 
MWF, myelin water fraction  
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SPGR, spoiled gradient recalled echo 
SSFP, steady-state free precession  
PTZ, pentylenetetrazol  
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1 Introduction 
Febrile seizures (FS) are seizure events occurring in children older than 1 month that are 
associated with a fever not caused by a central nervous system infection (Commission on 
Epidemiology and Prognosis; International League Against Epilepsy, 1993). They are the most 
common cause of seizures in children younger than 5 years of age; their peak incidence occurs at 
18 months of age (Shinnar, 2003). Because of their association with febrile illnesses, FS are most 
commonly seen in the winter and the end of summer in correlation with the prevalence of viral 
upper respiratory illnesses during these time periods (Stokes, Downham, Webb, McQuillin, & 
Gardner, 1977; Tay, Yip, & Yap, 1983; Verburgh et al., 1992). 
 
Febrile seizures are generally considered benign, and most children experience normal 
development after seizure events. Unfortunately, there is a small subset of children who 
experience recurrent FS episodes or go on to develop epilepsy. Prior studies have shown that 
approximately one third of children with a first-time FS episode will subsequently experience a 
recurrent event (Hampers & Spina, 2011; Sfaihi et al., 2012; Shinnar & Glauser, 2002). 
Recurrence appears to be more likely in subjects with a family history of FS, those who present 
at earlier than 18 months of age, those who present with temperatures <40°C at first convulsion, 
those with multiple seizures during the same febrile illness, children who attend day nursery, and 
those who have a seizure within 1 hour of febrile illness onset (Hampers & Spina, 2011; Jones & 
Jacobsen, 2007; Sfaihi et al., 2012; Shinnar & Glauser, 2002; Waruiru & Appleton, 2004). 
Children with none of these risk factors have a 4% chance of having further FS, while children 
with all of these risk factors can have up to 80% chance of further episodes (Fisher et al., 2010; 
Jones & Jacobsen, 2007; Waruiru & Appleton, 2004). While most children with FS do not 
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develop epilepsy, a cohor study of 687 children with initial febrile seizures showed a five-fold 
increased risk of developing unprovoked seizures in these patients compared with control 
subjects. (Annegers, Hauser, Elveback, & Kurland, 1979; MacDonald, Johnson, Sander, & 
Shorvon, 1999; Verity, Butler, & Golding, 1985) The risk of developing epilepsy appears to be 
lower in cases of simple FS (2.4%) and higher in children with febrile seizures with complex 
features (6-8%). Simple FS is defined as a FS lasting less than 15 minutes and with no focality, 
while complex FS is defined as one of the following: a seizure lasting longer than 15 minutes, 
focal manifestations, seizure recurrence in 24 hours, abnormal neurologic examination findings, 
or history of afebrile seizures in a parent or sibling (Patel et al., 2015; Rosman, 1987). Besides 
complex FS, other risk factors for progression to epilepsy in children with initial FS include 
family history of epilepsy, neurodevelopmental impairment, late onset of febrile seizures (>3 
years of age), and febrile seizures with a temperature of < 39C (Hwang, Kang, Park, Han, & 
Kim, 2015; Sapir, Leitner, Harel, & Kramer, 2000; Trinka et al., 2002). Although risk factors for 
both recurrent FS and epilepsy after FS have been identified, there are no reliable biomarkers 
available at this time to help clinicians identify which subjects will progress to epilepsy, making 
it difficult for clinicians to give good counseling to the families (Berg & Shinnar, 1994). 
 
Myelination, which starts as early as the second trimester of gestation, is crucial to the 
development and maturation of the brain, particularly in the first three years of life (Carmody, 
Dunn, Boddie-Willis, DeMarco, & Lewis, 2004; Murakami, Weinberger, & Shaw, 1999; van der 
Knaap et al., 1991). Highlighting its crucial role in development, many major childhood 
neurologic diseases are related to abnormal myelination, including leukodystrophies, cerebral 
palsy, and cortical dysplasia (Barkovich, 2000; de Vries, van Haastert, Benders, & Groenendaal, 
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2011; Fauser et al., 2004; Kolodny, 1993). Therefore, the ability to quantify changes in myelin in 
children from zero to three years could facilitate our understanding of a wide array of 
pathological conditions in this age group. One tool for quantitating myelin content is a novel 
imaging technique called mcDESPOT (multicomponent-derived equilibrium single-pulse 
observation of T1 and T2). This quantitative magnetic resonance imaging (MRI) technique 
estimates myelin water fraction (MWF), a surrogate measure of myelin water content, from a 
series of T1- and T1/T2-weighted images (Deoni, Dean, O'Muircheartaigh, Dirks, & Jerskey, 
2012). The mcDESPOT sequence gives us a MWF for each patient that  assigns an amount of 
myelin for every voxel. The values per voxel range from around 0.02 in areas of mostly grey 
matter and 0.2 to 0.3 for areas of concentrated white matter such as the corpus callosum.   We 
aimed to assess the feasibility of using mcDESPOT imaging to differentiate isolated FS from FS 
that evolves into epilepsy by comparing individual MWF maps for a group of pediatric subjects 
with FS with MWF maps of control models of age-matched normally developing children (Dean 
et al., 2014; Verburgh et al., 1992). 
 
2 Patients and Methods 
For this study, subjects with an initial diagnosis of FS for whom there were at least 10 months of 
follow-up clinical information were included. Patients were selected by first reviewing MRI 
orders which were placed at Rhode Island Hospital in pediatric patients for seizure work-up, and 
then the medical record was reviewed to identify subjects with febrile seizures. The initial 
diagnosis was based on clinical, MRI, and/or electroencephalography (EEG) data. This study is 
part of a larger prospective study of children with epilepsy; parental consent and subject assent 
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(when applicable) were obtained in accordance with the Brown Institutional Review Board 
(protocol #4059-11).  
 
2.1 Magnetic Resonance Imaging 
Subjects were scanned at Rhode Island Hospital/Hasbro Children’s Hospital using a 1.5T 
Siemens Espree with an 8-channel head coil or at the Brown University MRI Research Facility 
with a Siemens 3T Verio with a 12-channel head coil or a Siemens 3T Tim Trio with a 12-
channel head coil. Voxel-wise MWF maps were acquired for each participant using mcDESPOT. 
This technique involves the acquisition of a series of T1-weighted spoiled gradient recalled echo 
(SPGR) sequences and T1/T2-weighted balanced steady-state free precession (SSFP) images 
over a range of flip angles. In addition, an inversion recovery SPGR (IR-SPGR) sequence was 
acquired to correct for transmit magnetic field inhomogeneities (Deoni, 2011). Whole-brain 
imaging data were collected with the following parameters: field of view 220 × 220 × 176 mm; 
image matrix 112 × 112 × 88. Combined, this resulted in approximately 1.8 × 1.8 × 1.8-mm 
isotropic voxel resolution. Total acquisition time for each subject was less than 12 minutes. The 
fully detailed description of mcDESPOT parameters is available elsewhere (Deoni et al., 2012). 
 
2.2 Myelin Water Fraction Map Calculation 
The post-processing typically involves approximately 24 hours of computer processing. 
Acquired mcDESPOT images (SPGR, IR-SPGR, and balanced SSFP (bSSFP)) are first linearly 
coregistered to account for subtle head movement (Jenkinson, Bannister, Brady, & Smith, 2002), 
and then nonparenchymal voxels are removed (Smith et al., 2004). The MWF map was 
calculated for each voxel by fitting the SPGR and bSSFP data to a 3-pool tissue model that 
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estimates fractional volumes and relaxation times for intra- and extra-axonal water, myelin-
associated water, and nonexchanging free water (Deoni, Matthews, & Kolind, 2013). Additional 
corrections were made for radiofrequency flip angle (B1) and main magnetic field (B0) 
inhomogeneities (Deoni, 2010).  
 
MWF maps were aligned to a common analysis space to allow comparisons across subjects and 
controls. A pediatric T1-weighted template was used as the reference space to which MWF maps 
of the current study were registered (Deoni et al., 2012). The high flip angle SPGR image and 
symmetric diffeomorphic normalization were used to determine the transformations needed to 
map an individual’s raw data space to this template space (Avants, Epstein, Grossman, & Gee, 
2008). These resulting transformations were applied to each individual’s MWF map, aligning 
each MWF map to the reference template. Full details regarding image normalization are 
described elsewhere (Deoni et al., 2012). 
 
2.3 Control MWF Construction and Comparison 
Control MWF maps were generated for each subject using a predictive growth model shown to 
characterize patterns of myelination (Dean et al., 2014; Dean et al., 2015) and constructed from a 
large, longitudinal study examining normative white matter development throughout early 
childhood (Deoni et al., 2012). Using the subject’s age and model parameters previously 
estimated from the large typically developing cohort, a model-derived MWF map was calculated 
(Dean et al., 2014). The standard deviation of MWF at each voxel (i.e., standard deviation map, 
δMWF) was generated (Smith et al., 2004). The model-derived MWF map provides a 
representative estimate of normative MWF at the specified age, while δMWF provides an 
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estimate of the variability of MWF at the specified age (Dean et al., 2014). The model-derived 
MWF and δMWF maps were used to compare subjects’ MWFs by calculating a Z-statistic at 
each voxel using the following formula:  
𝑍(𝑖,𝑗,𝑘) =
𝑀𝑊𝐹(𝑖,𝑗,𝑘)
𝑆 −𝑀𝑊𝐹(𝑖,𝑗,𝑘)
𝐶
𝛿𝑀𝑊𝐹(𝑖,𝑗,𝑘)
 
where 𝑀𝑊𝐹(𝑖,𝑗,𝑘)
𝑆  corresponds to the subjects’ MWF at voxel (i,j,k), while 𝑀𝑊𝐹(𝑖,𝑗,𝑘)
𝐶  and 
𝛿𝑀𝑊𝐹(𝑖,𝑗,𝑘) is the model-derived MWF and standard deviation of MWF at voxel (i,j,k). Areas of 
significant deviation from the model-derived MWF were defined as , corresponding 
to p < 0.01. 
 
3 Results 
Seven subjects (3 male, 4 female) who initially presented with FS were included in this study 
(Table 1). Three had simple seizures and four had complex seizures. The average age at time of 
MRI was 25.6±17.7 months (mean ± standard deviation). The time between first febrile seizure 
and the performance of the mcDESPOT MRI sequence ranged between 11 days and 17 months 
for the 7 subjects.  The average follow-up time was 32.1±21.3 months; the shortest follow-up 
was 10 months and the longest follow-up interval was 61 months.  
 
The 3 subjects who had simple FS had higher MWF (defined as individual voxels >2.326) than 
their model-derived control. The three subjects with higher MWF also had normal MRI scans 
(no EEG follow-up), and none had epilepsy at follow-up (Figure 1). Four subjects, who all had 
complex seizures, had lower MWF than their control. Of these, the two with the largest negative 
difference in MWF developed epilepsy. Subject #3 had the largest negative difference in MWF 
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of this cohort; this subject also had an abnormal MRI that showed left hippocampal dysplasia, an 
abnormal EEG that showed generalized epilepsy. This subject developed primary generalized 
epilepsy (Figure 2). The other subject with a large negative difference in MWF (subject #5) had 
a normal MRI but an abnormal EEG showing bitemporal spikes. He also developed generalized 
epilepsy during the follow-up period (Figure 3). The other two subjects with lower MWF (#6 and 
#7) showed only small negative differences. Subject #6 had a possible left parietal focal cortical 
dysplasia and an EEG that showed left slowing, and subject #7 had a normal MRI but an EEG 
showing right slowing (Figure 4). These results are summarized in Table 1. 
 
4 Discussion 
This study obtained MWF maps in pediatric subjects presenting with FS to compare their 
myelination patterns with those of model-derived controls. Of the seven participants, two 
developed epilepsy, and these subjects had significantly lower MWF when compared with their 
model-derived controls. Two subjects had slightly lower MWF than the control model, but they 
did not develop epilepsy. In comparison with those in the subjects who developed epilepsy, these 
reductions in MWF were observed in fewer areas. All subjects with lower MWFs had complex 
FS. The three subjects with relatively higher MWF than the model-derived control models had 
normal MRI scans and simple FS and did not develop epilepsy.  
 
4.1 Current FS Diagnosis 
Childhood FSs are considered to be relatively benign but can be a risk factor for the later 
development of epilepsy. In children with focal, prolonged, or recurrent FSs, the risk of epilepsy 
later in life can be as high as 57% (Annegers et al., 1979). Other than complex FSs, factors such 
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as neurodevelopmental abnormalities, family history of epilepsy, and fever duration have been 
cited as risk factors for developing epilepsy after a FS (Berg et al., 1997). 
 
*In this study, we found that the EEG and MRI scan data did not help predict which children 
would develop epilepsy. Two of the seven subjects had abnormal MRI scans, but only one of 
these developed epilepsy. Four of the seven had abnormal EEGs, but only two of these 
developed epilepsy. Therefore, our results are similar to those from larger studies that show that 
traditional MRI and EEG are not sensitive or specific enough to predict which patients with FSs 
will progress to full epilepsy (Nordli et al., 2012; Shinnar et al., 2012). 
 
4.2 Myelin, FSs, and Epilepsy 
Animal models and clinical studies have increasingly shown that there is a relationship between 
damage to the myelin sheath and epilepsy (Hu et al., 2016; Pujar et al., 2017; Widjaja et al., 
2013; Yoong et al., 2013). Hu et al. (2016) examined brain tissue from subjects who underwent 
lesionectomy for intractable epilepsy. The authors found decreased oligodendrocytes and 
demyelination in epilepsy subjects compared with controls. A rat model that compared rates of 
myelination between rats bred for enhanced susceptibility to epileptogenesis and rats bred for 
resistance found that there were relative delays in myelination and neurodevelopment in the 
seizure-prone rats (Sharma, Powell, Wlodek, O'Brien, & Gilby, 2018). Demyelination has also 
been observed in the cerebral cortex and hippocampus of the pentylenetetrazol (PTZ)-induced 
epilepsy rat model (You et al., 2011). To decrease seizures in this rat population, You et al. 
(2013) used glatiramer acetate (GA), an anti-demyelination drug, to treat the PTZ-induced 
epileptic rats. They found that the GA-treated animals had significantly fewer epileptiform 
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discharges and had reduced frequency of seizures compared with controls, suggesting that 
epilepsy-associated demyelination may be contributing to seizure behavior and that myelin 
protection can improve symptomatology (You et al., 2011; You et al., 2013). 
 
Currently, the best imaging technique for looking at white matter changes in epilepsy is diffusion 
tensor imaging (DTI). Focal epilepsy and focal cortical dysplasias have been shown to be 
associated with decreased white matter and decreased fractional anisotropy (FA) (Shepherd et 
al., 2013; Slinger, Sinke, Braun, & Otte, 2016). In FSs, DTI has been used to study changes in 
the white matter tracts at 1 month, 6 months, and 1 year of age and up to 8 years after FS 
occurrence (Pujar et al., 2017; Widjaja et al., 2013; Yoong et al., 2013). Early DTI analysis in a 
cohort of FS patients showed decreased FA at 1 and 6 months after FS (Yoong et al., 2013). 
However, long-term follow-up actually showed overall increases in FA in the caudal and central 
white matter tracts, suggesting that there is a significant recovery and remyelination process 
(Pujar et al., 2017). Of note, in the long-term follow-up that showed increased FA, subjects who 
subsequently developed epilepsy were not included in the analysis (Pujar et al., 2017). 
 
4.3 Myelin Imaging and mcDESPOT  
McDESPOT is a quantitative myelin imaging sequence that visualizes MWF throughout the 
brain. This sequence provides dynamic information about the quantity, organization, and relative 
amount of myelin. Compared with DTI studies, the mcDESPOT sequence gives us quantitative 
information that is sensitive to myelin content as well as the ability to compare individual MWF 
maps with a large model-derived control population (Dean et al., 2015). 
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*In this analysis of 7 patients who initially presented with FS, conventional MRI scans and EEGs 
did not provide much differentiation within the group. The conventional MRI scans for these 
patients showed very subtle, if any, changes. One patient had a subtle left hippocampal dysplasia 
and another had a possible left parietal focal cortical dysplasia. However, when the MWF maps 
were analyzed, the 3 patients with simple FSs showed higher MWF and the 4 patients with 
complex FS had lower MWF compared with the model-derived controls. Therefore, the MWF 
maps that show myelination relative to the model-derived control have the potential to show 
more differentiation and pathology than conventional imaging.  
 
Of the patients with lower MWF, one (subject #3, Figure 2) showed significant differences 
throughout all major white matter tracts. This patient subsequently progressed to generalized 
epilepsy. Subject 5 also had lower MWF (Figure 3) and developed epilepsy, but the differences 
were in a more peripheral but still statistically significant pattern. Two other subjects (#6 and #7, 
Figure 4) showed some scattered areas of lower MWF but they did not develop epilepsy. These 
patterns of significantly lower MWF in the subjects who developed epilepsy are consistent with 
animal models showing epilepsy-associated demyelination and clinical studies of focal epilepsy 
and focal cortical dysplasias showing areas of decreased myelination compared with the control 
model (Shepherd et al., 2013; Slinger et al., 2016). Therefore, this finding adds to the body of 
evidence seen in human diffusion imaging and animal models that there is a relationship between 
white matter decreases and epilepsy.  
 
Of further significance were the markedly higher (relative to the control model) MWF in subjects 
who did not develop epilepsy (subjects #1, #2, and #4, Figure 1). Higher levels of myelination 
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have been observed previously in the long-term follow-up of patients with FS who did not 
develop epilepsy (Pujar et al., 2017). More specifically, patients with prolonged FS showed 
initial decreases in FA values at one and six months then had FA increases at 8-year follow-up. 
More specifically, at the 8-year follow-up, there was increased FA in central white matter tracts, 
increased mean and axial diffusivity in peripheral white matter tracts and late maturing central 
white matter tracts, and increased radial diffusivity in peripheral white matter tracts (Pujar et al., 
2017). It is important to note, however, that FA values are not the same as MWF values. If fibers 
increase in coherence, FA values will increase regardless of actual myelin content.  
 
In our cohort, MRI scans were performed within a month of FS occurrence, and 3 patients had 
higher MWF compared with the model-derived control. None of these patients developed 
epilepsy. This increased MWF could indicate that there is more myelin in these patients 
compared with controls or that increased myelin could also be in a more disorganized pattern, 
which is represented as decreased FA values in DTI analysis. We did not perform a DTI analysis 
on all patients and therefore cannot make any conclusions about the coherence of the myelin. It 
is possible that increased MWF could be an indicator of a more robust myelin repair process that 
could protect against the development of full epilepsy, as decreased myelination has been shown 
to be associated with epilepsy (Shepherd et al., 2013; Slinger et al., 2016). 
 
4.4 Limitations 
This was a small feasibility study of seven patients. The follow-up period was also limited, and it 
is unknown if any additional children will progress to epilepsy. Therefore, we only report our 
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observations that the mcDESPOT sequence should be further investigated as a potential tool for 
assessing the structural and functional changes that may be correlated with FS prognosis.  
 
5 Conclusions 
*These results support the hypothesis that for children presenting with FS, lower MWF in 
comparison with a model-derived control may portend a higher risk of developing epilepsy later 
in life and higher MWF in comparison with a model-derived control may indicate a lower risk of 
development of epilepsy and simple FS.  
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Table 1: Study patient characteristics and results 
Subject 
Patient 
age 
Patient 
sex 
Seizure 
Type 
MWF 
(p<0.05)* 
MRI EEG 
Time from 
FS to MRI 
F/U 
Length 
(months) 
Epilepsy 
1 11 mo M S Increased Normal None 21d 61 N 
2 
2 yr 
F S Increased Normal None 16d 24 N 
3 3 yr M C Decreased Abnormal† Abnormal 17mo 13 
Y 
4 5 yr F S Increased Normal None 11d 55 N 
5 1 yr M C Decreased Normal Abnormal 43d 46 Y 
6 2 yr 
F 
C Decreased Abnormal^ Abnormal 
11d 16 
N 
7 1 yr F C Decreased Normal Abnormal 28d 10 N 
F/U = follow-up; S = simple; C = complex 
*MWF is reported as higher or lower when compared to an age-matched control. 
†Left hippocampal dysplasia 
^ Possible left parietal focal cortical dysplasia 
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Figure 1. Sagittal (left), coronal (center), and axial (right) MWF maps in subjects #1 (top), #2 
(middle), and #4 (bottom) showing areas of higher MWF (in red) compared with control model 
(P<0.05). These subjects had normal MRI scans and did not progress to epilepsy.  
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Figure 2. (Top) Sagittal (left), coronal (center), and axial (right) MWF maps of subject #3 
showing areas of lower MWF (in blue) compared with control model (P<0.05). This subject 
progressed to develop primary generalized epilepsy. (Bottom) T2-weighted and FLAIR MRI 
images of subject #3 showing mild left hippocampal dysplasia with a foreshortened left 
hippocampus and vertically oriented parahippocampal gyru (arrows show the mild hippocampal 
dysplasia).  
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Figure 3. Sagittal (left), coronal (center), and axial (right) MWF maps of subject #5 showing 
areas of lower MWF (in blue) compared with control model (P<0.05). The subject progressed to 
develop epilepsy.  
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Figure 4. Sagittal (left), coronal (center), and axial (right) MWF maps of subjects #6 (top) and #7 
(bottom) showing scattered areas of decreased MWF (in blue) compared with control model 
(P<0.05). These two subjects did not progress to epilepsy. 
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